INTRODUCTION {#SEC1}
============

A general method for introducing generic modifications in the genome sequence of any organism at a desired position with high precision has been a long standing goal since the beginnings of molecular biology. The most recent technology toward this objective is the CRISPR/Cas system (*clustered regularly interspaced palindromic repeats/CRISPR-associated*), which allows targeting a CRISPR-associated (Cas) nuclease to a desired genomic location with nucleotide precision ([@B1]). It is based on an ancient and conserved prokaryotic defensive system against foreign DNA that stores information on previous infections (pieces of the invading DNA ([@B2])) so that it can respond to new ones of the same pathogen ([@B3],[@B4]). Specific nucleases whose substrate specificity is dictated by a bound RNA complementary to these foreign DNA fragments are used for cleaving forthcoming instances of the invading genetic material ([@B5]). These 'programmable' RNA-dependent DNA endonucleases are the basis of the CRISPR/Cas technology for genome editing. Among them, Cas9 from *Streptococcus pyogenes* is so far the most widely used, but other similar nucleases are being described and applied, including Cpf1 ([@B6]), SaCas9 ([@B7]) and other from different CRISPR/Cas class II systems ([@B8]).

Therefore, one of the critical steps in a CRISPR/Cas experiment is the design of the 'guide RNA' (gRNA) that will target the Cas nuclease to the desired genomic location. In the CRISPR/Cas9 system from *S. pyogenes*, gRNAs have in 3′ a fixed sequence required for Cas9 recognition, and in 5′ a 20-nucleotide (nt) sequence complementary to the target DNA. An additional constraint in gRNA design is that the target genomic sequence must have in 3′ a short motif termed 'protospacer adjacent motif' (PAM) recognized by the nuclease. In the case of *S. pyogenes* Cas9, the PAM is usually NGG, but other PAM sequences have been reported for *Staphylococcus aureus* Cas9 ([@B7]) or Cpf1 ([@B6]) nucleases. Furthermore, Cpf1 requires the PAM to be located at 5′.

A second critical consideration when choosing the 20-nt motif is the possibility that it hybridizes to identical or highly similar DNA sequences in other genomic locations, as this would lead to undesired off-target effects. *In vitro* studies in mammalian cells have found that even sites differing in as many as 4--5 out of 20 nt with the intended motif can still be cleaved by the nuclease ([@B9]). This would lead to hundreds of potential off-targets for a generic 20 nt segment in a random DNA sequence the size of the human genome ([@B1]). Several authors have exhaustively explored which mismatches (within the 20-nt sequence) would still allow Cas recognition and DNA cutting. For this, they generated large collections of gRNAs with variations at every position and evaluated their effects on nuclease activity (e.g. ([@B10],[@B11])). These data allowed deriving matrices to score the feasibility of any given 20-nt motif to be an off-target.

Indeed, CRISPR/Cas off-targets is one of the hottest topics in the field due to the implications for the reliability/specificity of this technique and its safety in therapeutic applications, especially those eventually involving human germ-line modifications. Experimental evidence suggests that off-target effects can become a problem when the experiment involves continuous expression of Cas and gRNA (e.g. *in vitro* plasmid transfection), whereas its relevance is limited when the CRISPR/Cas machinery is transiently induced, as it is the case for *in vivo*, germline-type modifications ([@B12]). For example, in mice, the presence of unintended off-target modifications is rarely observed ([@B12],[@B13]).

Numerous computational tools, both public and commercial, are already available to assist gRNA design for CRISPR/Cas experiments (e.g. ([@B10],[@B11],[@B14]--[@B17]). See ([@B18]) for a recent review). They all take into account the above-mentioned sequence constrains, and each has its own advantages and shortcomings. The main general limitation is the reduced number of genomes they can work with, a few tens of model organisms in the best cases ([@B18]). Another important limitation is that most are designed for only one or a few number of nucleases.

We have developed the *Breaking-Cas* web server for multi-organism design of gRNAs. Our aim was to encompass the best concepts and ideas from many of these systems, as well as those derived from our own experience helping users designing specific gRNAs for their CRISPR/Cas experiments. This tool can be applied for designing gRNAs to target any eukaryotic genome available through ENSEMBL. It can be used beyond CRISPR/Cas9 since it includes parameters useful for a variety of recently-reported Cas-like nucleases, as well as a generic method for incorporating the parameters (mismatch allowance, PAM characteristics, etc.) of other newly discovered CRISPR/Cas class II systems ([@B8]).

THE BREAKING-CAS SYSTEM {#SEC2}
=======================

Main features {#SEC2-1}
-------------

The main features of *Breaking-Cas*, absent in other available tools are: The possibility of designing experiments for any eukaryotic genome available in the ENSEMBL and ENSEMBLGENOMES databases ([@B19]). All other existing tools have only a limited number of model organisms available ([@B18]), while one of the main advantages of the CRISPR/Cas technology is the possibility of applying it to any organism or cell line, especially to those for which other genetic tools are limited or do not exist.The flexibility to customize the PAM motif sequence and its position relative to the guide oligonucleotide (5′ or 3′). Cas9-based systems from numerous bacteria are being characterized ([@B20],[@B21]). Therefore is of paramount relevance to develop a system that can be adjusted to other PAM requirements.A flexible method for introducing nuclease-specific scoring systems for assessing off-targets, including the possibility of using oligonucleotide sequences of different lengths (from 18 to 25 nucleotides), to accommodate recent reported results in the CRISPR/Cas field ([@B6],[@B8]).A rich, user-friendly graphical interface for navigating the results, including a built-in mini genome browser that allows easy inspection of the genomic context of predicted targets and off-targets.

The input form {#SEC2-2}
--------------

The *Breaking-Cas* web server is freely accessible on-line at: <http://bioinfogp.cnb.csic.es/tools/breakingcas>

The input form was designed with simplicity in mind. The user has to provide the name of the reference organism where the experiment is going to be performed, the characteristics of the Cas-like nuclease to be used, and the sequence(s) of the intended target genomic region (in FASTA format, with a limit of 20 000 nucleotides in total). It is possible to apply the tool to many sequences in a single run by providing a FASTA file with multiple entries. It is advised to use concise FASTA headers as the job identifiers will be based on them. As the system can work with hundreds of organisms (∼700 eukaryotic genomes available in ENSEMBL and ENSEMBLGENOMES right now), special care was taken to facilitate the selection of the query species. Upon typing the first letters of a scientific or common species name, a list of matching genomes appears, from which the user can select that of interest. Alternatively, the user can open a link with a clickable alphabetic list of all available genomes. The species names are presented along with their corresponding NCBI taxonomy identification number.

The characteristics of the nuclease include the PAM motif, its position respect to the guide oligonucleotide (5′ or 3′), the length of the oligonucleotide, the number of allowed mismatches, and a matrix of position weights to determine the feasibility of a given DNA segment to be an off-target depending on the position of the non-matching nucleotides. There are several pre-sets of these parameters for widely used nucleases (*Cas9* and *Cpf1* from various bacteria), but the user can also change them freely to adapt the query to other nucleases. In the case of SpCas9 the positions weights are those experimentally determined ([@B10]), while for Cpf1 this info is not yet available ([@B6]). The PAM motif can be freely introduced using standard IUPAC notation, including generic nucleotides (e.g. N, R) (e.g. NGG of *S. pyogenes* Cas9).

Finally, an email address can be optionally introduced for being informed on the completion of long runs.

Breaking-Cas workflow {#SEC2-3}
---------------------

The process starts by locating in the input sequences all fragments of the specified length with a compatible PAM at the specified end (i.e. 20 nucleotides and PAM at 3′ in the case of SpCas9). These fragments (candidates for designing the gRNA) are stored in FASTQ format with all qualities set to 'I' ([@B22]).

Next, the fragments are aligned against the DNA sequence of the reference genome with BWA ([@B23]), retrieving all possible hits with up to 4 mismatches (or the specified number of mismatches introduced by the user). For each candidate, its set of homologous hits constitutes a preliminary list of putative off-targets. The 3′ (or 5′) end of every putative off-target is compared with the PAM motif and only off-targets with a compatible PAM at 3′ or 5′ (depending the selected nuclease: Cas9, Cpf1 or other) are selected.

A score is assigned to each off-target based on the number and position of the mismatches respect to its original candidate 20-nucleotide fragment and using a formulation similar to that used in the 'CRISPR Design' tool ([@B10]) for the case of Cas9. The score use a matrix of mismatch weights, obtained empirically, that reflect the importance of each position in determining real off-targets when it presents mismatches ([@B10]). The score for a given off-target is calculated as: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}{S_{off}} = \prod\limits_{p \in M} {(1 - {W_p}) \times \frac{1}{{\frac{{19 - d}}{{19}} \times 4 + 1}} \times \frac{1}{{{m^2}}} \times 100} \end{equation*}\end{document}$$ where the product runs for all positions with mismatches (M), *W~p~* is the weight for the mismatch in position *p*, and *m* is the number of mismatches (0 to 4). Off-targets with no mismatches are scored with a value of 100. The average pairwise distance between mismatches (*d*) is approximated by the distance between the first and last position with mismatches over the number of mismatches minus 1: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}d = \frac{{\max \_pos - \min \_pos}}{{m - 1}}\end{equation*}\end{document}$$ The higher the score is, the higher the probability of acting as a true secondary Cas9 site. In general, for *S. pyogenes* Cas9 mismatches at positions close to the PAM strongly decrease the offtarget\'s score.

In absence of experimental evidences of the positional influence of mismatches (i.e. right now for nucleases other than Cas9), the probability of being a true secondary target is estimated as above except that all positional weights are set to '0'. Similarly, the '19' in the formula is replaced by *oligosize-1*, for other nucleases.

It is also possible to introduce customized positional weights (values between 0 and 1, being '0' a totally allowed mismatch and '1' a totally forbidden mismatch) for nucleases with experimental values known by the user.

Finally, an aggregated score is calculated for each of the original 20nt candidates as: $$\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}\begin{equation*}{S_{guide}} = \frac{{100}}{{100 + \sum\limits_{i = 1}^n {{S_{off(i)}}} }}\end{equation*}\end{document}$$ where *S~off(i)~* are the scores of the *n* potential off-targets for that oligo.

The higher this aggregated score (*S~guide~*), the better the oligo is for being used for the gRNA, as it has less predicted off-targets and/or with lower scores.

The next step is to annotate each potential off-target with the surrounding genomic elements (usually genes). In order to do that, the 'bedtools window' command ([@B24]) is used for comparing the coordinates of the off-targets (stored in BED format) with the official annotation file of the reference genome (in GTF format) as provided by ENSEMBL. Overlapping and nearby genes (at a maximum distance of 1000 bp, upstream or downstream) are identified.

All sequences, coordinates, scores and annotation details of every oligonucleotide candidate and off-target are imported into the *Breaking-Cas* interactive viewer.

Once a job is completed, the results page contains a link to this interactive viewer, as well as a downloadable compressed .ZIP file that allows locally storing and visualizing the results off-line later.

The interactive viewer {#SEC2-4}
----------------------

All results are presented in an interactive viewer compatible with any modern web browser. The viewer is divided in two main parts. The left panel contains a detailed list with all candidate oligonucleotides present in the input sequence(s), including their positions within them, DNA strand, sequence (including the PAM, at the selected relative position, 5′ or 3′), number of perfect hits, number of hits with mismatches (potential off-targets), aggregated score and nearby genes (Figure [1](#F1){ref-type="fig"}). The list can be sorted by any of these parameters clicking on the corresponding column header. In these oligonucleotides, some sequence features not taken into account by the score but known to affect their faithfulness as good gRNAs in some circumstances are highlighted. For example, it is known that a consecutive stretch of four or more T\'s should be avoided in gRNA expressing plasmids with U6 promoters since its coincidence with a termination motif for RNA polymerase III might affect the transcription of the gRNA ([@B25]).

![*Breaking-Cas* interactive results page. On the left, a list of the oligonucleotides with their associated parameters is shown, highlighting the neighbouring PAM and other interesting features, such as the poly-T stretches. Upon clicking any of these oligonucleotides, a list of its potential off-targets is presented on the right panel, as well as their intended 'on-target' (yellow background). This list is shown in the form of a mini genome browser, thus allowing the user to inspect the genomic neighbourhoods to better assess them.](gkw407fig1){#F1}

By clicking a given oligonucleotide, a panel on the right with details on the 100 best scored targets (perfect hits and potential off-targets) is presented, including their individual score, genomic coordinates, and 'affected' genes. Additional targets can be shown by clicking at the bottom of this list. A built-in genome mini-browser is also included showing the genomic region surrounding each target (Figure [1](#F1){ref-type="fig"}). The 'on-target/s' (perfect match/es) are highlighted with a yellow background. This genomic representation can be zoomed in/out with the controls provided, and double-clicking shows/hides additional genomic information, such as splicing variants. Additionally, the alignment between the initial oligo and the target is shown, highlighting the PAM motif and indicating the mismatches. By clicking any gene ID in this mini-browser, a full-featured external ENSEMBL browser opens on a separate window, so that all annotations available for that gene are accessible and the user can further navigate them. With all these panels, it is easy to see whether the predicted off-target is in a coding region, and if so in which gene, etc. All these novel features of Breaking-Cas help manually assessing the risk of a given off-target depending on the particular experiment performed, and complement its numeric score.

Finally, both lists, with the oligonucleotide candidates and with the targets, can be exported as text-tabulated files to be imported on a standard spreadsheet application.

CONCLUSIONS {#SEC3}
===========

Due to its relative simplicity, one of the main advantages of the CRISPR/Cas system for the fine editing of genomes is the possibility of applying it to any organism, including those for which no other genetic tools exist. In addition, the assessment of the potential off-targets associated to a given gRNA is crucial, especially for the promising therapeutic applications of this technique, e.g. ([@B26]). Together with ethical issues, the safety of genetic modifications in humans (especially those involving germ-line heritable changes) is the key factor for eventually approving such procedures ([@B27]). Not surprisingly, the first attempt of genome-editing human embryos reported the existence of numerous off-target modifications ([@B28]). The importance of detecting off-targets suggests that simply scoring those predicted genomic sites according to some sequence-similarity-based criterion might not be sufficient. An interactive inspection of all the genomic features of the potential off-targets (genes/proteins involved, epigenetic factors, relationship with tissue specificity, etc.) is therefore crucial. Moreover, given the continuous movement in this field, programs for designing gRNAs should be flexible and adaptable for the new CRISP/Cas systems and setups.

Consequently, we have developed the *Breaking-Cas* tool with these goals in mind, presently not available in other existing packages for the design of gRNAs. First, *Breaking-Cas* allows working with all eukaryotic genomes available in the ENSEMBL database, while other existing tools can only work with a few tens model genomes in the best cases ([@B18]). Second, it provides a user-friendly browser for a detailed inspection of the genomic neighbourhood of every single potential off-target so as to qualitatively assess them. Third, this web server allows specifying the characteristics and parameters of the nuclease to be used, although predefined set are available for several popular Cas proteins (including Cas9 and Cpf1). The system can be easily updated with new genomes and versions released in ENSEMBL since it is based on standard file formats of this resource. Finally, the server also turned out to be 3--4 times faster than other widely used tools in the tests we made, although an exhaustive speed comparison was not performed.

While other experimental strategies for minimizing off-targets are being explored (e.g. nickases which cut concomitantly in two adjacent regions hence reducing the chances of off-targets ([@B29])) this computational framework for predicting off-targets with the current technologies is undoubtedly useful. For the future we plan to implement in the Breaking-Cas workflow additional scoring systems for the oligonucleotides and off-targets, which are currently being generated based on experimental data. However, now they can be to some extent incorporated by manually modifying the parameters associated to the nuclease. We also plan to include information on restriction nucleases recognition motifs to facilitate the validation of efficiency and the identification of mutants by PCR-approaches combined with analytical restriction digestion of the targeted genomic loci. Finally, the incorporation of one of the existing approaches for evaluating the on-target efficiency would also be desirable.
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